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1.    INTRODUCTION 

The M735 fuze, shown in figure 1, is a 
state-of-the-art electronic proximity fuze now in 
production for the M753 8-in. nuciear artiiiery 
projectile. Extensive structural analyses and 
tests were conducted during the development 
program because of the high safety and 
reliability requirements, complexity of the fuze 
design, severe gunfiring environmental re- 
quirements, and tight weight and volume con- 
straints. The structural analysis and test pro- 
gram was an integral part of the structural 
design process as described below. 

The first step in the structural design of the 
fuze was the stress analysis of the major struc- 
tural parts, based on design layouts and draw- 
ings. Because of the complexity and con- 
straints mentioned above, an accurate com- 
puterized stress analysis was required. Most of 
the structural parts of the fuze were analyzed 
with the National Aeronautics and Space Ad- 
ministration Structural Analysis (NASTRAN)1 

computer code. Successive analysis iterations 
used highly detailed finite-element models in 
order to accurately predict stress and deflec- 
tion levels in the various structural parts. 
Based on the analytical results, structural part 
drawings were refined and subsequently used 
for the fabrication of prototype hardware. The 
prototype hardware was then subjected to a 
series of laboratory stress-strain tests to verify 
the accuracy of the analytical predictions. 
Each part was instrumented with strain gages 
and subjected to various static loads to verify 
structural adequacy and the analytical results. 
Subsequently, gunfiring tests were conducted 
of prototype structural parts and, ultimately, of 
complete functional fuzes. A previous report2 

describes in detail the structural firing test pro- 
gram. 

'C. W. McCormick, ed., The NASTRAN User's Manual, 
National Aeronautics and Space Administration, NASA 
Sp-222 (October 1969). 

Zjohn M. Miller and Steven A. Boring, Structural Firing 
Tests of the M735 Proximity Fuze, Harry Diamond 
Laboratories, HDL-TM-79-6 (May 1979). 

Figure 1.    M735 fuze. 

This report presents a description and 
results of the M735 fuze structural analysis. 
While the structural design and analysis of the 
fuze was an iterative process, only the analysis 
of the final design configuration is presented. 
The mechanical design of the fuze is discussed 
briefly, preceding a discussion of the structural 
design  requirements and environments,  in- 



eluding the rationale for assumptions made 
regarding the environments and their charac- 
terization. The analysis of each part or 
subassembly is discussed in detail, including a 
description of the analytical model and tech- 
nique, loading assumptions, boundary condi- 
tions, and results. Finally, the static stress 
testing of the major structural parts is de- 
scribed and those results are compared with 
the analytical results. 

2.    M735 FUZE MECHANICAL DESIGN 

The M735 fuze must reliably provide pro- 
grammed power for all projectile components. 

accurate height sensing for warhead initiation, 
and in-flight safety. These requirements are 
met by a dual-channel fuze system, including 
target sensor, electronic programmer, and 
power supply assemblies. The electronic as- 
semblies and components are packaged within 
the fuze, as shown in figures 2 and 3. The fuze 
consists of three major assemblies: (1) the 
nose section, which contains the programmer 
memory/timing (M/T) printed wiring boards 
(PWBs) and power supplies (fig. 4), (2) the 
center assembly, which contains the target 
sensor and El assemblies (fig. 5), and (3) the 
rear assembly, which contains the program- 
mer power-output and decode PWBs (fig. 6). 

Figure 2.    M735 fuze, partially disassembled. 
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Figure 3.    M735 fuze, cross-section view. 

The primary structural parts of the fuze are 
as follows: 

(a) the forward structure, which clamps 
the power supplies and M/T assembly to the 
power supply housing and provides the proper 
external ballistic profile. 

(b) the power supply housing, which sup- 
ports the PS416 power supplies, M/T 
assembly, and forward structure, 

(c) the forward retainer collar, which 
fastens the entire nose section to the fuze pro- 
jectile section. 

(d) the center structure, which supports 
the entire nose section, target sensors, and El 
assembly, which is bonded to its outer surface. 

(e) the rear structure, which supports the 
programmer power-output and decode PWBs, 
center assembly, and nose section, and 

(f) the retainer collar, which fastens the 
entire fuze to the projectile. 

In addition, all the PWBs of the fuze are 
structural members, supporting their own iner- 
tia and that of the electronic components. In 
this regard, the M735 fuze is atypical of elec- 
tronic artillery fuzes. Solid potting is not used 
for support of electronic components and 
PWBs; instead, a thin layer of polyurethane 
coating (0.015 in. thick*) is applied to the com- 
ponents for support. The PWBs are designed to 
be self-supporting, employing numerous 
brackets, mounting fixtures, fasteners, and 
greater than normal board thickness (up to 
0.125 in.). 

'(in.) 25.4 = (mm). 
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Figure 4.    Nose section assembly. 
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Figure 5.    Center assembly. 
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Figure 6.    Rear assembly. 

3.    STRUCTURAL   DESIGN    REQUIRE- 
MENTS 

The fuze structure is required to protect 
the electronic subassembiies and components 
from degradation and failure due to exposure 
to the environments specified in the XM753 
Projectile Stockpile-to-Target-Sequence 
(STS).3 These environments include storage, 
transportation and handling, gunfiring, and 
flight. Obviously, the most severe environment 

^Stockpile-to-Target-Sequence (STS) for the 8-Inch 
Howitzer/Gun, Nuclear Projectile (XM753), U.S. Army 
Nuclear and Chemical Agency (April 1978). 

is gunfiring, which includes large inertia 
loadings due to projectile in-bore accelera- 
tions. In contrast, the handling and transporta- 
tion environments consist of relatively low- 
level accelerations resulting from aircraft and 
vehicular vibration as well as minor impacts 
and drops of the projectile in its container. The 
analysis described in this report is confined to 
the gunfiring interior ballistic environment. 

The 8-in. gunfiring environment consists of 
the following projectile accelerations: 

(a)   Setback (10,400 g max)—the axial 
acceleration of the projectile in the gun. A 



typical acceleration time trace is shown In 
figure 7. 

(b) Angular (164,000 rad/s2 max)—the 
angular acceleration imparted to the projectile 
by the gun-tube rifling. This acceleration is 
generally proportional to setback. A typical 
trace is shown in figure 7. 

(c) Centripetal acceleration due to the 
projectile spin rate (195 rps max). Spin reaches 
the maximum at muzzle exit. 

(d) Balloting (1000 g max)—the lateral 
acceleration of the projectile due to clearance 
between the projectile bourrelet and the gun- 
tube rifling. This clearance may result in multi- 
ple "slaps" of the projectile against the rifling 
as it travels up the tube. Balloting is not well 
understood, and the 1000-g maximum is an 

TIME- 
ANGULAR ACCELERATION VERSUS TIME 

assumption based on previous computations 
performed by the U.S. Army Armament R&D 
Command (ARRADCOM).4 

(e) Compression-release (2000 g 
max)—the rebound effect due to the sudden 
decrease in axial acceleration as the projectile 
clears the tube muzzle (also referred to as set 
forward). 

(f) Torsional impulse—a short-duration 
spike of angular acceleration which may occur 
at the onset of rifling if the projectile is not fully 
seated when rammed. It was assumed in this 
analysis that the peak level is less than the 
maximum angular acceleration which occurs 
later in the projectile travel up the gun tube. 

The inertia loadings resulting from these 
in-bore accelerations can combine due to the 
simultaneity of the accelerations. When this is 
the case, and when a particular structure is 
susceptible to the combination, this was in- 
cluded in the analysis. For example, the com- 
bined effects of spin and balloting (both lateral 
loads) were examined in the analysis of the 
vertically mounted PWBs. On the other hand, 
several structures were analyzed for axial 
loadings only, since the effects of lateral and 
angular accelerations were judged to be in- 
significant. The assumptions made in each 
case are discussed in the detailed analysis 
(sect. 5). 

-MAX. AXIAL 
ACCELERATION 

BARREL EXIT 

AXIAL ACCELERATION VERSUS TIME 

Figure 7.    Typical acceieration curves. 

4.    ANALYTICAL APPROACH 

The approach taken here was to initially 
perform a broad analysis of the overall fuze, in- 
cluding all major structural parts. The purpose 
of this analysis was (1) to determine whether 
gross deflections were within allowable limits 
and (2) to pinpoint highly stressed areas requir- 

4Szt; Hsuing Chu, Transverse Motion of 8-Inch Projectile 
XM753 in Gun Tube XM201, Picatinny Arsenal, TR4918 
(December 1975). 



ing more detailed analyses. The next step was 
the detailed analysis of those areas shown to 
be highly stressed. In addition, those parts 
which may not be highly stressed but are 
vulnerable to large deflections were analyzed 
in detail. This was particularly true of the ver- 
tically mounted PWBs. Excessive (greater than 
0.02 in.) out-of-plane deflections and deflection 
gradients of these PWBs can result in the frac- 
turing of electronic components, solder joints, 
and PWB tracks. 

5.    DETAILED ANALYSES 

5.1    Overall Fuze 

The overall fuze was analyzed with 
the NASTRAN finite-element computer code. 
The major structural parts, including forward 
structure, power supply housing, center struc- 
ture, and rear structure, were modeled with 
conical shell elements, which are symmetrical 
with respect to the centerline. The electronic 
assemblies were characterized as nonstruc- 
tural masses acting on the structural parts at 
appropriate locations. The model is depicted in 
figure 8. 

The loading condition investigated 
was limited to the peak axial setback accelera- 
tion. The boundary condition of fixed axial mo- 
tion was applied at the aft end of the rear struc- 
ture (node 38, fig. 8). The setback loading con- 
dition was simulated by applying a 10,400-g 
"gravity" force in the axial direction. 

The key deflection results are shown 
in figure 8. The maximum deflection of the rear 
structure (node 34) is 0.044 in. This is well 
below the maximum allowable 0.060 in. to in- 
sure noninterference with mating projectile 
parts. Other deflections shown are small 
enough to insure survivabiity. Peak stresses 
for the various parts and their locations are 
also shown. The forward structure was found 
to be very lightly stressed (6 ksi*), indicating 
that further, more detailed analysis is un- 
necessary. The other major parts—power sup- 
ply housing, center structure, and rear struc- 
ture—all exhibit large stress gradients and 
relatively high peak stresses: 88, 89, and 74 
ksi, respectively. A more thorough and detailed 
analysis of these parts is necessary. In addi- 
tion,   several   other   components   were   not 

•(ksi) 6.894 x tO3 = (kPa). 

0053 

; 
10,400-g ACCELERATION 

» *► 

DEFLECTION IN INCHES (In. x 25.4 = mm) 

STRESS IN ksi (ksi x 6.89 x 10' = kPa) 

Figure 8.    Finite-element modei of fuze. 
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modeled in this analysis, including the M/T 
PWBs and support plate, programmer PWBs, 
El cover, and collars. These will be In- 
vestigated in more detail. 

5.2    Nose-Section Assembly 

5.2.1    Memory/Timing Assembly 

The M/T assembly consists of 
three epoxy-flberglass PWB assemblies 
mounted vertically on an interconnection PWB. 
The assembly is supported by the titanium 
alloy (Ti-6A1-6V-2Sn) support plate, which in 
turn Is supported by the top battery in the fuze 
nose section. The three vertical PWBs are at- 
tached to one another at four locations: the 
board bottom corners with threaded studs and 
aluminum mounting blocks, near the board 
center with a threaded stud and with epoxy- 
fiberglass spacers, and at the top of the board 
with a bolt-mounted epoxy-fiberglass support. 
This assembly is attached to the support plate 
by four screws which are assembled through 
the support plate from the bottom and 
threaded into the bottom of the mounting 
blocks. The mounting blocks are designed to 
allow a gap between the blocks and the inter- 
connection PWB, thus insuring that the three 
vertical PWBs are seated on the interconnec- 
tion PWB. The assembly is restrained in the 
lateral direction by closely controlled 
clearances between the forward structure and 
the center stud, the top support, and the sup- 
port plate. Forward axial motion is restricted by 
the forward structure, which clamps the upper 
rim of the support plate when it is attached to 
the power supply housing. 

The stress analysis of the M/T 
assembly components involved the analysis of 
the vertical PWBs for setback, spin, and 
balloting and the analysis of the support plate 
for setback and compression-release. The 
NASTRAN computer code was used for these 
analyses of each component. 

The PWBs are subjected to self- 
loading generated by the inertia of the PWBs 
and their electronic components during spin, 
balloting, and axial acceleration, and are con- 
strained from lateral motion during balloting 
and spin at the mounting hardware locations. 
Because of the relatively large axial deflec- 
tions of the support plate at its center, it can 
provide support for the M/T PWBs only near its 
outer edge. Therefore, the setback loads of the 
boards are transmitted to the support plate at 
localized points near the bottom corners. The 
plate is simply supported at the outer diameter 
by the top battery during setback and by the 
forward structure during compression-release. 
During compression-release, the plate carries 
the weight of the two power supplies at its 
outer diameter. 

The PWBs were modeled with 
plate elements for the balloting and spin 
analyses. The plate element has both inplane 
and bending stiffness for a cross section of a 
solid homogeneous material. This element has 
five degrees of freedom (rotation about the 
axis normal to the surface is not included). Due 
to symmetry only one-half of each board was 
modeled, with their centerlines being a bound- 
ary condition constrained from motion in the 
transverse direction as well as from rotation. 
Figure 9 shows the free-body diagrams and 
finite-element models. 

Axial acceleration produces only 
inplane stresses and deflections in the vertical 
PWBs. For this reason they were modeled 
using membrane elements, which have finite 
inplane stiffness and zero bending stiffness, for 
the setback analysis. This results in a more ef- 
ficient model, requiring less computer com- 
putation time than the plate element model. 
The membrane element is otherwise used in 
much the same way as the plate element; the 
only difference in modeling the PWBs for the 
setback acceleration was to generate a finer 
mesh at the base of the boards, where higher 
stresses and stress gradients were expected. 

11 
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Figure 9.    M/T assembly free-body diagrams. 

The support plate was modeled 
with plate elements. Due to the symmetry of 
this part only one-quarter of the plate was 
modeled. The cut edge boundaries were con- 
strained from rotation and from translation in 
the angular direction in addition to the overall 
constraint of rotation about the axis normal to 
the surface. 

The peak stress in the vertical 
PWBs occurs during setback and is a com- 
pressive stress of 32 ksi at the bottom corners 
where they are supported. This results in a fac- 

tor of safety of only 1.09 over the edgewise 
compressive strength of G-10 epoxy-fiberglass 
boards. However, the stress quickly decreases 
to less than 10 ksi just above the mounting 
block stud hole. This is a very localized high 
stress in an area where there is no circuitry or 
components, and therefore is not considered a 
problem. In comparison, the combined spin 
and balloting inertial forces produced a max- 
imum stress of only 5.4 ksi near the center sup- 
port of the outermost PWB. Maximum deflec- 
tion out of plane was well below the 0.020 
allowance. 

12 



The analysis of the support plate 
indicated that the maximum bending stresses 
occur in the area where the PWBs load the 
plate in setback. Results of the setback 
analysis are shown in figure 10. The 135-ksi 
peak stress is pessimistic, since the top 
battery supports a larger area of the plate than 
was assumed in the analysis. Therefore, the 
minimum factor of safety should actually ex- 
ceed the 1.20 prediction based on the yield 
strength of the titanium support plate. 
Compression-release acceleration results in a 
maximum compressive stress of 20 ksi in the 
same area in which the maximum setback 
stress occurs. 

0.030 lb 
10,400-g 

ACCELERATION   ' 

yg    i     i 
mfr 

i    i 

TOP 
FIBERS 

ksi x 6.89 x10a = kPa 
lb x 0.453 = kg 

Figure 10.    Maximum principai stresses in M/T 
support piate. 

5.2.2   Power Supp/y Housing 

The power supply housing is a 
6-6-2 titanium machined part which provides 
structural support for the entire nose-section 
assembly. The two power supplies are stacked 

axially within the housing with the M/T 
assembly supported by the top battery. A 
flange around the exterior of the housing sup- 
ports the total weight of the nose assembly on 
the center structure. The forward structure at- 
taches to threads on the top of the housing. On 
the base of the housing is a shroud which pro- 
tects the two interface connectors and also 
acts as a stiffening member. 

The power supply housing was 
analyzed for setback only, since the other' 
loading conditions do not produce significant 
stress levels in the housing. The two power 
supplies and the M/T assembly load the base of 
the housing near its Internal diameter. The for- 
ward structure loads the forward threaded end 
of the housing. These loads, in addition to the 
self-loading of the housing are transmitted to 
the center structure at the power supply 
housing flange. 

The housing was analyzed with 
NASTRAN with plate elements for the side 
wall, flange, and base and with bar elements 
for the protective shroud. The bar element per- 
mits extension, torsion, and bending in two 
perpendicular planes and the associated 
shears. The shear center coincides with the 
elastic axis of the element. The entire housing 
was modeled because of the nonsymmetry of 
the shroud. The finite-element model of the 
housing Is shown in figure 11. 

The free-body diagram and plots of 
the resulting axial and hoop stresses for the 
housing sldewall are shown In figure 12. The 
area of highest stress is in the sldewall just 
below the flange, where axial stress levels of 
140-ksi tension and 70-ksi compression occur 
on the inner and outer surfaces, respectively. 
The stresses in the shroud range from 81 ksi in 
the center to 131 ksi at the ends, as shown In 
figure 13. The maximum bending stress in the 
base Is 85 ksi. The power supply housing pro- 
vides a factor of safety of 1.15 over yield 
strength and 1.25 over ultimate strength during 
setback acceleration. 

13 
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Figure 11.    Power supply housing model. Figure 12.    Power supply housing stresses during 
setback. 
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Figure 13.    Power supply housing shroud maximum 
principai stresses. 

5.2.3    Forward Collar 

' The forward collar is a 6-6-2 
titanium machined part which fastens the nose 
section to the fuze projectile section. The 
collar is captured between the power supply 
housing flange and the rear edge of the for- 
ward structure, where a small gap allows free 
rotational movement. When assembled to the 
projectile section, the forward collar clamps 
the power supply housing flange to the forward 
seating surface of the center surface. 

The only loading condition which 
results in significant stress levels in the for- 
ward collar is compression-release, in which 
the nose-section inertia load is transmitted 
through the collar. This results in a maximum 
shear stress of approximately 13 ksi, well 
within the allowable stress for the material. 

5.3    Center Assembly 

5.3.1    Center Structure 

The center structure is a 6-6-2 
titanium machined part which provides struc- 
tural support for the nose section and two 
target sensors. The nose-section power supply 
housing flange is clamped to the forward 
seating surface of the center structure by the 
nose retainer collar. All nose-section axial gun- 
launch loads are transmitted at this, surface. 
An internal pilot diameter at this same location 
provides lateral support for the nose. A plate 

that supports the nose-section mating connect- 
ors is mounted to the forward flange of the 
center structure. 

The center structure also provides 
axial support for the two target sensors which 
mount on an internal shelf near the aft end. The 
sensors, with an outside contour which con- 
forms to the inner conical surface of the center 
structure, are attached to the wall 180 deg 
apart with two screws each. The clearance 
holes for the screws in the center structure are 
elongated in the axial direction to allow for the 
differential axial deflections of the target sen- 
sors and center structure. In addition, the 
center structure provides structural support for 
the El assembly, which is wrapped around and 
bonded to the external surface. 

The loading conditions which 
result in significant stress levels in the center 
structure are setback, balloting, and spin. The 
center structure was modeled two ways for the 
NASTRAN analyses of these conditions. The 
symmetry of the axial setback load enabled the 
use of the timesaving conical shell elements. 
The properties of the conical shell element are 
symmetrical with respect to the axis of the 
shell. To use this element, a conservative 
loading assumption was made for the rec- 
tangular connector plate cutout on the forward 
flange. It was modeled as a circular hole with a 
concentric load representing that portion of the 
flange not included in the model, plus the con- 
nector plate. The axial loads of the nose 
assembly on the forward seating surface and 
the target sensors' nonuniform load on the 
bottom shelf were both assumed to be uniform 
around their seating surface for this model. For 
the unsymmetrical loading (balloting and spin), 
one-half of the structure was modeled with 
plate elements. The finite-element model is 
shown in figure 14. In addition, the balloting 
and spin analyses were performed separately, 
to analyze the "worst-case" condition for 
each. The applied loads for balloting included 
(1) a moment at the forward end due to the in- 
ertia of the nose section; (2) the target sensor 

15 



loads (a uniform pressure on the interior sur- 
face for one sensor and two point ioads at the 
mounting screw locations for the other); and (3) 
self-loading of the structure and El nonstruc- 
tural mass. Spin loads included the interior 
pressure due to the target sensors, plus the 
self-loading of the structure. 

S =2 

Figure 14.    Center structure model. 

The free-body diagrams and the 
analysis results for the center structure 
loading conditions of setback, spin, and 
balloting are shown in figures 15, 16, and 17, 
respectively. The maximum stress (80-ksi com- 
pression) occurs during setback near the aft 
end of the center structure. A combination of 
balloting and setback could produce a stress 

level of 110-ksi compression at this same loca- 
tion. Stresses due to spin (which is well below 
its maximum value at the time of peak setback) 
are negligible at this location. However, a com- 
bination of balloting and maximum spin (which 
occurs wnen setback acceleration is negligi- 
ble) could produce a tensile hoop stress of 80 
ksi about 2 in. from the aft end. The factors of 
safety for these combinations are 1.45 (bal- 
loting and setback) and 2.00 (balloting and 
spin) based on yield strength. 
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Figure 15.    Stresses due to setback in center 
structure. 
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Figure  16. 
structure. 

Stresses due to spin in center Figure 17.    Stresses due to balloting in 
center structure. 

5.3.2    Target Sensor Assembly 

Each target sensor assembly con- 
sists of an rf chassis and sensor processor 
PWB. The rf chassis is seated on the center 
structure internal flange and is attached to its 

wall with two screws. A pin mounted in the 
center structure engages a slot in the rf 
housing to provide angular alignment and pre- 
vent rotation. The processor PWB is seated on 
the rf chassis lip and attached to the chassis 
with mounting screws at various locations on 
the board. 

17 



Stress levels and deflections in the 
processor PWB due to spin and balloting are 
negligible, since the board is well supported 
over its entire surface by the rf chassis. 
Setback-developed stresses at the base of the 
board are also relatively low (4 ksi) and well 
below the allowable stress for epoxy- 
fiberglass. Stress levels in the rf chassis are 
generally negligible. Setback-developed bear- 
ing stresses at the center structure support 
flange are 14 ksi, well below the allowable 
stress for 7075-T6 aluminum. Stresses in the 
support ledge for the processor PWB are also 
low (12.4-ksi bending and 4-ksi shear). 

5.3.3   Rear Collar Assembly 

fiberglass spacers at five locations throughout 
the PWBs and by two studs and four mounting 
blocks at the bottom corners. The assembly is 
attached to the rear structure with four screws, 
each fastened to a mounting block, from the 
bottom side of the structure. As in the M/T 
assembly, the blocks are located to insure that 
the programmer PWBs are seated firmly on the 
interconnection PWB. The programmer PWBs 
are constrained laterally by brackets mounted 
on the inside wall of the center structure, by 
the connector plates at the forward end of the 
center structure, and by two antiballoting 
screws which are secured against the center 
stud of the assembly from the target sensor 
assembly. 

The rear collar is a 6-6-2 titanium 
machined part which fastens the fuze to the 
projectile warhead section. The collar is cap- 
tured between the center structure external 
flange or foot and the E1 assembly and cover, 
where a small gap allows free rotational move- 
ment. When assembled to the projectile 
warhead section, the rear collar clamps the 
center structure foot and rear structure to the 
projectile seating surface. 

The rear collar was analyzed for 
balloting loads; stresses and deflections 
developed during other loading conditions are 
not significant and were not examined. The col- 
lar was modeled using plate elements, with 
only half of the part included due to symmetry. 
The maximum stress occurs near the aft end of 
the collar: 40-ksi compression in the axial 
direction. This is well below the allowable 
stress for 6-6-2 titanium. 

5.4   Rear Assembly 

The rear assembly consists of the 
programmer PWBs, the interconnection PWB, 
and the rear structure. The three vertically 
mounted programmer PWBs and the mating in- 
terconnection PWB are mounted to the rear 
structure. The programmer PWBs are fastened 
together   by   threaded   studs   with   epoxy- 

The rear structure is a 6-6-2 titanium 
machined part which supports the programmer 
PWBs, interconnection PWB, and the entire 
fuze center assembly and nose section. A 
closely controlled pilot diameter on the inside 
aft surface of the rear structure engages a 
similar diameter on the projectile, insuring con- 
centric alignment and providing lateral support 
for the fuze. Four slots engage tabs in the pro- 
jectile, providing angular alignment and pre- 
venting rotational motion during gun-launch 
angular acceleration. 

The programmer PWBs were ana- 
lyzed for setback, spin, and balloting loads. 
The rear structure analysis was confined to 
setback, since other loading conditions do not 
produce significant levels of stress or deflec- 
tion In the structure. The setback analyses of 
the PWBs and the rear structure were per- 
formed in a series of iterative analyses. This 
was necessary to insure compatibility of boun- 
dary conditions (displacements and reaction 
forces) between the PWBs and the rear struc- 
ture. Because of the relative compliance of the 
rear structure, the PWB reactions are confined 
to a small area near each corner, approximate- 
ly 0.5 in. long. The reaction force varies ap- 
proximately linearly from a peak at the corner 
to zero In a half-inch. Conversely, the 
board/structure deflections vary—from a peak 
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near the center of the rear structure to a much 
lower level at the board corner. However, the 
boards and structure are in contact over only 
the outer 0.5 in. during maximum setback 
loading. 

Both the PWBs and the rear struc- 
ture were analyzed with NASTRAN. The pro- 
grammer PWBs were modeled with plate 
elements for balloting and spin, and membrane 
elements for setback. The finite-element model 
is depicted in figure 18. 

Two different finite-element models 
were developed for the rear structure: ring ele- 
ment and plate element models. The use of 
ring elements permits the development of a 
very fine mesh model throughout the cross 
section of the part. This allows a detailed 
analysis of the stress distribution throughout 
the cross section. However, since these 
elements are limited to only two degrees of 
freedom (radial and axial), only uniform axi- 
symmetrical loading and boundary conditions 
can be accommodated. Therefore, the ring ele- 
ment model was used only for the self-loading 
and center structure rim-loading conditions. 
The ring element model is shown in figure 19. 
The programmer PWB loading on the rear 
structure was analyzed using plate elements. 
Taking advantage of symmetry, a quarter- 
section of the structure was modeled as shown 
In figure 20. The results of these separate 
analyses were then superimposed to deter- 
mine the resultant stress distribution in the 
rear structure. 

As for the M/T PWBs, the stress 
levels in the programmer PWBs due to spin 
and balloting are low. In addition, the maximum 
out-of-plane deflections are well below the 
allowable 0.020 In. However, setback- 
developed stresses in the bottom corners are 
high (approximately 35 ksi). This is a vfery 
localized stress, which could result in a small 
amount of delaminatlon of the multilayer PWB 
in this area. However, no significant crushing 
of the PWB material will occur once the stress 
levels redistribute as a result. 
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1 \ 
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\ \ 
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Figure 18.    Programmer PWB model. 
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6.85 lb 

Figure 19.    Rear structure finite element model 
with center assembly load during setback. 

Figure 20.    Rear structure model with programmer 
load during setback. 

The combined analysis stress distri- 
bution for the rear structure is shown in figure 
21. The maximum stress occurs in the outer 
wall near the aft end and is approximately 94 

ksi, well below the allowable stress for 
titanium. Maximum deflections for the rear 
structure are plotted In figure 22. The max- 
imum deflection at the center (0.043 in.) is well 
below the Interface allowable (0.059 in.), and 
compares very well with the result obtained 
previously In the overall fuze analysis (0.044 
in.). 
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Figure 21.    Combined stresses. 
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REAR STRUCTURE NASTRAN ANALYSIS (5A) 

COMBINED RIM, SELF AND 
PROGRAMMER LOADS 

Setback and spin loading conditions 
were analyzed with an axisymmetric shell ele- 
ment model of the cover. Stresses and deflec- 
tions developed as a result of other loading 
conditions are negligible. The maximum stress 
occurs near the base of the cover and is 7000 
psi* compression in the meridional direction. 
The stress is the result of combined maximum 
setback with intermediate spin and is well 
below the material's allowable stress (15,000 
psi). 

5.6    Miscellaneous 

There are a number of miscella- 
neous fasteners and pins used in the fuze for 
mounting and constraining subassemblies. 
The stresses for all of these were computed by 
conventional hand calculations. A summary of 
the resulting stresses is listed in table 1. A 
plastic limit analysis was performed for one 
fastener, the programmer PWB mounting stud. 
This analysis is described in appendix A. 

o.o 0.5 1.0 1.5 2.0 
RADIAL LOCATION (IN.) 

Figure 22.    Rear structure NASTRAN analysis. 6.    LABORATORY TESTS 

5.5    Cover 

The fuze cover is a thin-walled 
epoxy-fiberglass shell. The cover is supported 
at its aft end for setback loading by a lip on the 
rear collar. An O-ring seated in the center 
structure thread relief retains the cover in 
place prior to installation of the fuze nose sec- 
tion. Pilot diameters at the front and aft ends 
align the cover concentrically with the fuze 
center structure. Since angular alignment is 
not critical, no keying is provided; the cover is 
free to rotate with respect to the fuze. 

Laboratory stress tests were conducted 
for the power supply housing, center structure, 
and rear structure. These parts are the prin- 
cipal load-carrying structures, and were found 
to be the most highly stressed parts in the fuze. 
The purpose of the tests was to confirm the 
analytical predictions and verify the structural 
safety margin of the fuze design. 

'(psi) 6.894 = (kPa). 
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TABLE 1.    ASSEMBLY HARDWARE ANALYSIS SUMMARY 

Pan Material Load condition Resulting stress (ksia) 

Memory/timing (M/T) printed 
wiring board center stud 

302 Stainless Balloting Compression. 30 

MfT mounting biock stud 17-4 PH stainless Set forward Shear, 10 

M/T mounting block screws M52463 
carbon steel 

Set forward Tension, 15 

Power supply housing 
flange pins 

M516555 
carbon steel 

Angular 
acceleration 

Bending, 13.4, 
shear, 17.7 

Power supply housing 
base pins 

303 stainless Angular 
acceleration 

Shear 37.3, 
bearing, 13.3 

Connector plate screws NA51352 
alloy steel 

Setback Tension, 56.2 

RF mounting screws NA51352 
alloy steel 

Balloting Tension, 103 

RF pins 303 stainless Angular 
acceleration 

Shear, 30 

Center structure pins 17-4 PH stainless Angular 
acceleration 

Bearing, 94.3, 
shear, 36 

Programmer mounting 
block screws 

NAS1352 
alloy steel 

Set forward Tension, 45 

Programmer mounting 
block studs 

Maraging steel Set forward Shear, 42, 
bending, 250" 

a(ksi)» 6.894 x fO3 = (kPa). 
^Designed with plastic limit analysis; see appendix A. 

The tests were performed with a hydraulic 
ram capable of producing loads up to 100,000 
lb.* Applied force was measured by a digital- 
readout load cell placed under the test 
specimen support. Strains, and thereby stress 
levels, were measured with multiple strain 
gages attached at the appropriate locations of 
each part. A typical test setup is shown in 
figure 23. 

•(lb) 0.45 = (kg). 

6.1    Power Supply Housing 

The power supply housing was in- 
strumented with strain gages at eight loca- 
tions—three on the inside surface, two on the 
outer surface, and three on the connector 
shroud. Loads were applied to the bottom in- 
side surface of the housing, simulating the set- 
back loads of the two power supplies and the 
M/T assembly. In addition, loads were applied 
to   the   forward   threads   of   the   housing. 
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simulating the setback load of the forward 
structure. The housing was supported at the 
flange by a fixture which simulated the fuze 
center structure. Axial and hoop strains were 
recorded for each gage location, and figure 24 
shows those for the housing sidewall plotted 
with the analytical predictions. Due to the ex- 
tremely large stress gradients in these areas, 
only average stresses over the length of the 
gage could be recorded. As can be seen in the 
figure, the correlation between the analytical 
predictions and the experimental data is incon- 
sistent. In general, the measured stress levels 
are significantly lower than the predictions. 

6.2    Center Structure 

The center structure was in- 
strumented with strain gages at 10 loca- 
tions—5 on the inner surface and 5 on the 
outer surface. Compressive load was appl-ied 
to the forward surface of the structure to 

Figure 23.   Typical test setup. 
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simulate the setback loading of the nose sec- 
tion. Additional loads were applied at that 
same location in increments to simulate the 
self-loading of the center structure at various 
axial locations. For example, strain readings 
were taken at the forward-most gages with a 
small additional load, whereas the aft gage 
readings were taken with an additional load 
equivalent to the entire center assembly. 

POWER SUPPLY 
AND 

MEMORY/TIMING 
ASSEMBLY LOAD 

FORWARD STRUCTURE 
LOAD 

The test results are plotted versus 
the analytical predictions in figure 25. In 
general, there is reasonable correlation 
between the experimental and analytical 
results. The most significant variance occurs 
near the aft end of the structure, where the 
measured axial stresses exceed the analytical 
predictions by 25 percent. This indicates 
higher bending stress levels in this area, prob- 
ably due to a greater degree of fixity at the sup- 
port for the center structure than was assumed 
for the boundary conditions in the finite- 
element analysis (simply supported). As a 
result, the actual factor of safety for the center 
structure may be slightly lower than predicted. 

HJ 

OUTER-SllRFACE STRAIN GAGE 
INNER SURFACE STRAIN GAGE 

NOSE-SECTION 
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• OUTER SURFACE STRAIN GAGE 
- INNER SURFACE STRAIN GAGE 

1.0        2.0       3.0       4.0       5.0 
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Figure 24.    Static stress test results of 
power supply housing. 

Figure 25. 
structure. 

Static stress test results of center 
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6.3    Rear Structure 7.    SUMMARY AND CONCLUSIONS 

The rear structure was instrumented 
with strain gages at 12 iocations—6 on the in- 
side surface and 6 on the outside surface. 
Compressive load was applied to the forward 
rim of the structure to simulate the setback 
loading due to the center structure. 

The test results are plotted versus 
the analytical predictions in figure 26. In 
general, there Is good agreement between the 
analytical results and the experimental data. 
The most significant difference between 
analytical and experimental data indicates 
higher (30 percent) bending stresses than 
predicted. As for the center structure, this is a 
localized high gradient condition which is prob- 
ably due to a greater degree of fixity at the 
boundary than was assumed in the analysis 
(simply supported). A slight reduction in the 
calculated factor of safety appears likely. 

The analysis results are summarized in 
table 2, which for each major part lists the 
material identification, yield and ultimate 
strengths, and respective safety factors. Each 
of the parts has a safety factor of 1.0 or 
greater; the most critical structural parts (the 
rear and center structures) exceed 1.5 for the 
ultimate safety factor. In general, those parts 
which exhibit safety factors only slightly larger 
than 1.0 do so only because of highly localized 
peak stresses. For example, the M/T and pro- 
grammer PWBs are stressed highly in a very 
small area near their support point; these 
stresses diminish rapidly a short distance 
away. Several parts, such as the forward struc- 
ture and collar, are very lowly stressed; these 
parts have been designed for minimum size 
and weight within the producibility constraints. 

RIM 
LOAD 

STRAIN GAGE ■   INTERIOR SURFACE  
STRAIN GAGE •   EXTERIOR SUFAGE     

- IN. 
0.5   1.0   1.5   2.0 
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+ 3or 

in. x 25.4 = mm 
ksix6.89x103 = kPa 

IN 
0.5       1.0        1.5       2.0 
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Figure 26.    Static stress test results of rear structure. 
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The analytical predictions and safety fac- 
tors were confirmed by the laboratory stress 
tests. Although there were some discrepancies 
in areas of large stress gradients, the overall 
correlation was acceptable. 

In conclusion, the structural analysis and 
testing Indicated that the M735 fuze design is 
structurally adequate and efficient. This con- 
clusion has been subsequently verified by the 
successful gunfiring of over 250 fuzes without 
a single structural failure. 

TABLE 2.    SUMMARY OF ANALYSIS RESULTS 

Material 

Strength" 
Predicted minimum 

safety factor 

Component Yield 
(ksi) 

Ultimate 
(ksi) 

Yield Ultimate 

Forward structure 6-6-2 titanium 160 175 (b) (b) 

Memory/timing printed Epoxy-fiberglass — 35 — 1.1 
wiring board 

Memory/timing support 6-6-2 titanium 160 175 1,2 1.3 
plate 

Power supply housing 6-6-2 titanium 160 175 1.15 1.25 

Forward collar 6-6-2 titanium 160 175 (b) (b) 

Center structure 6-6-2 titanium 160 175 1.45 1.6 

RF housing 7075-T6 aluminum 66 77 (b) (b) 

Sensor processor printed Epoxy-fiberglass _ 35 (b) (b) 
wiring board 

Rear collar 6-6-2 titanium 160 175 4.0 4.4 

Programmer printed Epoxy-fiberglass — 35 — 1.0 
wiring board 

Rear structure 6-6-2 titanium 160 175 1.7 1.9 

Cover Epoxy-fiberglass - 15 - 2f1 

a(ksi) 6.894* 1CP-(kPa). 
bParl is not highly stressed: sized for manufacturing considerations. 

26 



APPENDIX A.—PLASTIC LIMIT ANALYSIS OF THE PRINTED WIRING BOARD STUD 

A plastic limit analysis was performed for 
the programmer printed wiring board (PWB) 
mounting stud. This analysis technique is used 
to determine the true load that a part can be 
expected to sustain without failure, while 
allowing some localized yielding. 

where 

cW = 2 x dy = 2 ir2 - y2 dy   , 

Z = 4Sr
0y ^r2-y

2dy 

The basic assumption used in limit analysis 
is that most engineering materials (e.g., steel, 
titanium, and aluminum) can be described as 
having elastic-perfectly plastic (E-PP) behavior. 
The material is assumed to behave elastically 
until it reaches its yield stress, and then stress 
remains constant regardless of the strain im- 
posed. Although there is a limit to the amount 
of additional strain which can be imposed 
before failure, this is usually large compared to 
the strain at the yield point. 

Z = 1L3 

The ratio of the plastic moment to the elastic 
moment is called the shape factor of the cross 
section and can be computed as follows. 

Mr Oy      Z 

Mg Oy      l/C 

Ar3/3 

nrA/4r 

:16 

3n 

In a beam design governed by purely elastic 
analysis, the maximum allowable bending 
moment (Me) is that which produces stress 
levels in the outer fibers at the yield point. At 
this level, however, stresses in the core of the 
beam are well below yield. If the moment is in- 
creased, the beam does not necessarily fail; 
rather, additional load is transferred to the in- 
ner fibers. In fact, additional loading can be 
tolerated until the total cross section yields. 
The bending moment which produces this con- 
dition is the limit or plastic moment (Mp). 

For a circular cross-section beam (of radius 
r), the plastic moment is computed by multiply- 
ing the tensile yield strength by the plastic sec- 
tion modulus (Z), where Z is the sum of the 
area moments about the neutral axis. For an 
x-y coordinate system with its origin at the 
center of the cross section, Z can be computed 
as follows. 

'SlyVdA 

or 1.698    , 

where y is the material yield strength, / is the 
area moment of inertia, and c is the outer fiber 
distance from the neutral axis (/•). 

For the programmer PWB stud, the elastic 
moment is 

Mg   =  Oy  i/c 
„   (250,000; ^7.7 x IO

-6
; 

0.056 

Me = 34.4 in.-lb,* 

and the plastic moment is therefore 

Mp = 1.698 Me = 58,4 in.-lb. 

The maximum moment applied to the stud 
was computed to be 48 in.-lb at the mounting 
block locations. Therefore, the stud safety fac- 
tor is 1.2, based on this plastic limit analysis. 

'(in.-lb) 0.113 = (N-m). 
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